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Background: In the present study, we measured damaged areas of cartilage with diffusion tensor (DT) imaging
and T2 mapping, and investigated the extent to which cartilage damage could be determined using these techniques.
Methods: Forty-one patients underwent arthroscopic knee surgery for osteoarthritis of the knee, a meniscus injury, or
an anterior cruciate ligament injury. Preoperative magnetic resonance imaging of the knee was performed, including
T2 mapping and diffusion tensor imaging. The presence of cartilage injury involving the medial and lateral femoral
condyles and tibia plateau was assessed during surgery using the Outerbridge scale. The ADC, T2 values and fractional
anisotropy of areas of cartilage injury were then retrospectively analysed.
Results: The ADC results identified significant differences between Outerbridge grades 0 and 2 (P = 0.041); 0 and 3
(P < 0.001); 1 and 2 (P = 0.045); 1 and 3 (P < 0.001); and 2 and 3 (P = 0.028). The FA results identified significant
differences between grades 0 and 1 (P < 0.001); 0 and 2 (P < 0.001); and 0 and 3 (P < 0.001). T2 mapping identified
significant differences between Outerbridge grades 0 and 2 (P = 0.032); 0 and 3 (P < 0.001); 1 and 3 (P < 0.001); and
2 and 3 (P < 0.001). Both the T2 mapping (R2 = 0.7883) and the ADC (R2 = 0.9184) correlated significantly with the
Outerbridge grade. The FA (R2 = 0.6616) correlated slightly with the Outerbridge grade.
Conclusions: T2 mapping can be useful for detecting moderate or severe cartilage damage, and the ADC can be
used to detect early stage cartilage damage. The FA can also distinguish normal from damaged cartilage.
Keywords: Magnetic resonance imaging, Diffusion tensor imaging, Apparent diffusion coefficient, Fractional
anisotropy, T2 mapping, Cartilage, Osteoarthritis, Knee jointBackground
Osteoarthritis (OA) is caused by a range of factors, in-
cluding age, genetic factors, mechanical stress, and cyto-
kines. OA causes pain, range of motion limitations, and
functional joint impairment. A particular characteristic
of OA is a reduction in the amount of hyaline cartilage.
Proteoglycan depletion and increased cartilage water
content are observed initially in OA, and these changes
are followed by decreased type II collagen and collagen
fiber degradation [1]. As X-ray imaging is not an object-
ive evaluation index based on articular cartilage, it is
difficult to evaluate early cartilage damage and repair
[2]. Early diagnosis and treatment are important because* Correspondence: sato-m@is.icc.u-tokai.ac.jp
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unless otherwise stated.cartilage contains few cellular components and has a
low self-restoration capacity.
In recent years, magnetic resonance imaging (MRI)
has become useful for evaluating cartilage damage. Be-
cause it depicts cartilage tissue more clearly than X-ray
imaging, MRI is used to facilitate multiplanar evaluation.
Although standard MRI is relatively insensitive for
detection of early cartilage injury, recent advances have
improved its ability to evaluate biomechanical and bio-
chemical elements in articular cartilage, including gly-
cosaminoglycan, collagen, and water content. Various
types of MRI systems are used for the noninvasive evalu-
ation of cartilage damage, including delayed gadolinium-
enhanced MRI of cartilage, T1ρ relaxation time, and
23Na spectroscopic imaging. These systems measure
proteoglycan depletion, and T2 mapping has the poten-
tial for evaluating cartilage water content and collagenis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,








Osteoarthritis 17 0 29
ACL injury 11 1 31
Meniscus injury 7 2 21




Pigmented villonodular synovitis 1
Tibia platau fracture 1
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age matrix damage, decreased collagen content, and in-
creased water content have also been reported [3].
Diffusion tensor (DT) imaging is used to detect the
water molecule diffusion process [4,5] and is now used
to evaluate spinal cord injury [6] and cerebral infarction
[7]. DT imaging has also recently been used in evalu-
ation of cartilage damage [4,5]. The apparent diffusion
coefficient (ADC) obtained by DT imaging reflects de-
creased proteoglycan and water content [5], whereas the
fractional anisotropy (FA) reflects changes in collagen
fiber alignment [5,8,9].
Few reports have investigated whether the Outerbridge
grade of the cartilage damage can be assessed using MRI
techniques. We graded cartilage damage assessed by
arthroscopy according to the Outerbridge classification
[10] (Table 1) and measured each grade of cartilage
damage using DT imaging and T2 mapping. We also in-
vestigated the extent to which cartilage damage could be
determined using the Outerbridge grade.
Methods
Population
Forty-one patients (14 men, 27 women; 13–78 years old,
mean age 51.5 years) who underwent arthroscopic sur-
gery at Tokai University Hospital from April 2010
through May 2011 were included in this study (Table 2).
Patients who had undergone arthroscopic surgery were
included, whereas patients who underwent total knee
arthroplasty and open reduction and internal fixation
without arthroscopy were excluded. We also excluded
patients who had undergone arthroscopic surgery but
had a small area of cartilage damage or mixed grades of
cartilage damage, or in whom evaluation with MRI was
difficult. The Tokai University Hospital Institutional Re-
view Board for Clinical Research approved the study,
and all patients signed the consent form.
Image and data analysis
MRI of the knee joint (T2 mapping and DT imaging)
was performed on the day prior to the surgery. The sites
of the cartilage injury were identified during arthro-
scopic surgery, and the relationships between theTable 1 Outerbridge classification
Grade Property
0 Normal
1 Cartilage with softening and swelling
2 A partial-thickness defect with fissures on the surface that do
not reach subchondral bone or exceed 1.5 cm in diameter
3 Fissuring to the level of subchondral bone in an area with a
diameter more than 1.5 cm
4 Exposed subchondral boneoperative findings and the preoperative MRI values in
these sites were investigated. When arthroscopic surgery
was performed, the knee joint was divided into the fol-
lowing regions: inner femoral condyle, outer femoral
condyle, inner tibial condyle, and outer tibial condyle.
Three Japanese orthopedic specialists conducted the
arthroscopic assessment of the cartilage injuries accord-
ing to the Outerbridge classification [10] (Table 1).
The ROIs were measured at all levels, from the cartil-
age surface to the deep zones, and the subchondral bone
was excluded carefully. Each ROI was measured within a
range that measured 55 voxels high and 40 voxels wide
[5,8] (Figure 1). We evaluated and recorded the Outer-
bridge grade of the damaged areas of cartilage during
surgery, confirmed arthroscopic photographs during
measurement of cartilage damage using MRI, and had
another doctor reevaluate the Outerbridge grade. Three
orthopaedic surgeons and one radiologist, having boardFigure 1 Region of interest (ROI) settings. The ROI was set in
areas of arthroscopically confirmed cartilage damage, and the ADC,
FA, and T2 were measured. The ROI was 55 voxels high and 40 voxels
wide, and care was taken to measure all cartilage levels without
including the subchondral bone.
Ukai et al. BMC Musculoskeletal Disorders  (2015) 16:35 Page 3 of 7certificate of The Japanese Orthopaedic Association and
Japan Radiological Society, separately measured the areas
of cartilage damage on the MRI. To minimize disparities,
the measurements were obtained three times and the
mean value calculated.T2 mapping
T2 mapping was performed on an Achieva 3.0-T TX
scanner (Philips Healthcare, Best, The Netherlands), with
the patient’s knees positioned within a TX SENSE Knee
eight-channel coil (Philips Healthcare). Imaging was
conducted under the following conditions: sequence,
multiecho turbo spin-echo (TSE); field of view (FOV),
120 × 120 mm; matrix, 211 × 320; repetition time (TR),
2510 ms; echo time (TE), 16, 32, 48, 64, 80, 96, and
112 ms; turbo factor, 7; slice thickness, 5 mm; gaps,
1 mm; number of excitations (NEX), 1; water fat shift
(WFS), 0.882 pixels/429.7 Hz; fat-suppression spectral
presaturation with inversion recovery; and scan time,
8 min and 54 s.DT imaging
Imaging was conducted under the following conditions:
sequence, single-shot, spin-echo echo planar imaging
(EPI); FOV, 150 × 150 mm; matrix, 144 × 144; TR,
2200 ms; TE, 68 ms; EPI factor, 73; number of slices, 13;
slice thickness, 5 mm; gaps, 1 mm; NEX, 20; WFS,
28.628 pixels/15.2 Hz; fat-suppression spectral attenu-
ated inversion recovery ; MPG, 6; b-value, 600; half-scan
factor, 0.678; and scan time, 10 min and 34 s.Data processing
From the DT imaging, the six components of the symmet-
ric diffusion tensor were calculated [5]. For each voxel, the
three eigenvalues (λ1, λ2, λ3) and their corresponding ei-
genvectors were calculated. The ADC and FA were calcu-
lated from the eigenvalues as follows [8,11,12]:
ADC ¼ 1
3





λ1−ADCð Þ2 þ λ2−ADCð Þ2 þ λ3−ADCð Þ2
λ21 þ λ22 þ λ23
s
Statistical analysis
One-way ANOVA followed by Tukey–Kramer post hoc
tests was used to compare the ADC, FA, and T2 be-
tween Outerbridge grade. Spearman’s rank correlation
was used to identify significant relationships between the
Outerbridge grade and the ADC, FA, and T2. P values
of < 0.05 were considered significant.Results
MRI findings
The ADC for each Outerbridge grade was grade 0, 1.37 ±
0.14 × 10−3 mm2/s; grade 1, 1.41 ± 0.26 × 10−3 mm2/s;
grade 2, 1.63 ± 0.25 × 10−3 mm2/s; and grade 3, 1.90 ±
0.40 × 10−3 mm2/s. The FA for each Outerbridge grade was
grade 0, 0.28; grade 1, 0.17; grade 2, 0.14; and grade 3, 0.16.
The T2 for each Outerbridge grade was grade 0, 40.1 ±
3.4 ms; grade 1, 41.9 ± 5.5 ms; grade 2, 45.6 ± 7.6 ms; and
grade 3, 63.8 ± 5.9 ms.
The ADC differed significantly between Outerbridge
grades 0 and 2 (P = 0.041); 0 and 3 (P < 0.001); 1 and 2
(P = 0.045); 1 and 3 (P < 0.001); and 2 and 3 (P = 0.028;
Figure 2a). The FA differed significantly between Outer-
bridge grades 0 and 1 (P < 0.001); 0 and 2 (P < 0.001);
and 0 and 3 (P < 0.001; Figure 2b). T2 differed significantly
between Outerbridge grades 0 and 2 (P = 0.032); 0 and 3
(P < 0.001); 1 and 3 (P < 0.001); and 2 and 3 (P < 0.001;
Figure 2c).
Evaluation of the correlation of Outerbridge grade and
MR parameters
Significant correlations were observed between the Out-
erbridge grades and the ADC (R2 = 0.9184, P < 0.001;
Figure 3a), and between the Outerbridge grades and T2
(R2 = 0.7883, P < 0.001; Figure 3c). The FA (R2 = 0.6616,
P < 0.05; Figure 3b) was correlated slightly with the Out-
erbridge grades.
DT imaging of knee articular cartilage
A 21-year-old man sprained his knee while kickboxing.
Five months later, he landed awkwardly in a hurdle
touchdown and sprained his knee again. Giving way per-
sisted and investigations revealed a right anterior cruci-
ate ligament (ACL) injury and right medial meniscus
injury. The patient was treated with ligament recon-
struction and meniscal suture (Figure 4).
A 61-year-old man who had previously undergone
meniscectomy in the right knee. He had pain on the in-
side of the right knee while walking and was being given
oral analgesics treatment and injections by his local
physician. However, the patient showed no improvement
and was referred to our department for further examin-
ation. The patient was subsequently diagnosed with
osteoarthritis of the right knee and underwent high tibial
osteotomy (Figure 5).
Discussion
T2 mapping in the present study enabled discrimination
between Outerbridge grades 0 and 2, 0 and 3, 1 and 3,
and 2 and 3, thus allowing detection of moderate or se-
vere cartilage damage. In DT imaging, the ADC enabled
discrimination between grades 0 and 2, 0 and 3, 1 and 2,
1 and 3, and 2 and 3 cartilage damage relatively early,
Figure 3 Relationship between Outerbridge grade and the ADC, FA, and T2. (a) A significant positive correlation was observed between
the Outerbridge grade and the ADC (R2 = 0.9184, P < 0.001). (b) The FA (R2 = 0.6616, P < 0.05) was slightly correlated with the Outerbridge score.
(c) A significant positive correlation was observed between Outerbridge grade and T2 (R2 = 0.7883, P < 0.001).
Figure 2 Comparisons of Outerbridge grade and the ADC, FA, and T2. (a) Significant differences in the ADC were observed between grades
0 and 2 (P = 0.041); 0 and 3 (P < 0.001); 1 and 2 (P = 0.045); 1 and 3 (P < 0.001); and 2 and 3 (P = 0.028). No significant difference was observed
between grades 0 and 1. (b) Significant differences in the FA were observed between grades 0 and 1 (P < 0.001); 0 and 2 (P < 0.001); and 0 and 3
(P < 0.001). (c) Significant differences in T2 were observed between grades 0 and 2 (P = 0.032); 0 and 3 (P < 0.001); 1 and 3 (P < 0.001); and 2 and 3
(P < 0.001). No significant difference was noted between grades 0 and 1, 1 and 2.
Ukai et al. BMC Musculoskeletal Disorders  (2015) 16:35 Page 4 of 7
Figure 4 DT imaging in the early cartilage damage. The patient
underwent surgery for right knee ACL and medial meniscus injury.
In the inner femoral condyle, a cartilage crack caused by the medial
meniscus rupture was observed to have Outerbridge grade 1 damage.
The ADC for this area was measured as 1.75 × 10−3 mm2/s.
Ukai et al. BMC Musculoskeletal Disorders  (2015) 16:35 Page 5 of 7and the FA allowed for discrimination between normal
cartilage and damaged cartilage between grades 0 and 1,
0 and 2, and 0 and 3.
T2 mapping
Caution is needed during evaluation because T2 in-
creases considerably with inclinations of about 55° in the
direction of the static magnetic field (B0), and a magic
angle effect is often observed in the posterior femoral
condyle and at the top of the talus [3]. T2 has been re-
ported to reflect the collagen fiber direction and articu-
lar cartilage water content. Previous studies that have
investigated the use of T2 mapping to evaluate articular
cartilage have found the technique to be useful, even forFigure 5 DT imaging in the severe cartilage damage. The patient
underwent surgery for a right knee medial meniscus injury. Outerbridge
grade 3 cartilage damage caused by the medial meniscus rupture was
observed throughout the entire inner femoral condyle. The ADC for this
area was measured as 2.15 × 10−3 mm2/s.evaluating early stage cartilage damage [13-21]. However,
Williams et al. [22] found no significant differences be-
tween ultrashort echo-time T2 mapping and standard
T2 mapping of tissue samples with each grade of cartil-
age damage.
The present study found significant differences between
Outerbridge grades 0 and 2, 0 and 3, 1 and 3, 2 and 3, but
no significant differences between grades 0 and 1, and 1
and 2. Threfore, although T2 mapping proved useful for
evaluating moderate to severe cartilage damage, it was not
useful for evaluating early stage cartilage damage. In T2
mapping, a breakdown of the collagen alignment within
cartilage leads to an increase in T2, whereas a decrease in
the content of proteoglycans, which form part of the
extracellular matrix, has no effect [23,24]. T2 mapping
can reflect collagen alignment accurately but may not
detect early stage cartilage damage because proteoglycan
depletion occurs before collagen depletion in patients with
OA-induced cartilage damage [1].
DT imaging
DT imaging detects water molecule dispersion. In fi-
brous tissues, water molecule dispersion can occur only
in the same direction as the fibers, indicating that the
direction of water molecule movement matches fiber
alignment. Accordingly, DT imaging can be used to
evaluate the direction of articular cartilage collagen fi-
bers and structural anisotropy. Normal articular cartilage
exhibits isotropy [12], and cartilage matrix damage leads
to anisotropy [22]. Similar to T2 mapping, the results of
DT imaging can change according to cartilage depth.
The ADC decreases with distance from the surface and
toward the subchondral bone, whereas the FA increases
closer to the subchondral bone [5]. In DT imaging, the
ADC increases with depletion of cartilage proteoglycan
and collagen [12,25], both of which are considered to re-
flect knee articular cartilage degeneration [15,26].
Raya et al. [5] collected human articular cartilage and
compared the evaluations of the damaged regions between
the ADC and actual samples. They found a sensitivity of
95% for cartilage damage detection and an accuracy of
63% for cartilage damage grading. The authors concluded
that the ADC is useful for assessing cartilage damage.
Meder et al. [27] treated cow knee articular cartilage with
trypsin before conducting DT imaging and found that the
ADC was higher after treatment than before treatment in
the trypsin-treated cartilage. The ADC was also reported
to increase in human articular cartilage after trypsin treat-
ment [4]. Therefore, the ADC is considered to be useful
for evaluating proteoglycan volume.
Few reports have shown that FA is useful for evaluat-
ing cartilage damage, and some have stated that the FA
does not reflect proteoglycan volume because trypsin
treatment barely affects it [4]. Raya et al. [26] compared
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reporting that the FA in the OA group declined signifi-
cantly compared with the normal group, with a sensitiv-
ity of 81% and a specificity of 83%. However, in contrast
to our case, the evaluation for OA was carried out exclu-
sively by X-P in this report, and it is unknown at which
grade the evaluation was actually carried out. Moreover,
Raya et al. [5,26] used 17.6 T and 7.0 T MRI, and they
did not report the degree of evaluation that may be car-
ried out with respect to cartilage evaluation upon MRI
used in daily clinical practice.
Raya et al. [26] measured FA values in an OA group
and a normal group, and reported significantly lower
values in the OA group. However, no significant differ-
ence was observed in grades 1 to 3 of the OA group,
and it was difficult to evaluate the cartilage damage
solely from FA. According to the report by Deng et al.
[28], the cartilage is regarded as having weak anisotropy
compared with biological tissues, such as the brain and
the heart. Consequently, it was believed that although a
diagnosis of OA was possible via the investigation into
the FA of this study, it was difficult to evaluate the ex-
tent of damage caused by OA.
In the ADC, we found significant differences between
Outerbridge grades 0 and 2, 0 and 3, 1 and 2, 1 and 3,
and 2 and 3. Although no significant difference was ob-
served between grades 0 and 1, the ADC differed from
T2 mapping in that it identified a significant difference
between grades 1 and 2. Therefore, our results suggest
that the ADC is useful for evaluating early stage cartilage
damage. A strong correlation was observed between the
Outerbridge grade and the ADC, suggesting that the
ADC is useful for cartilage evaluation.
Conclusions
In our study, T2 mapping was useful for assessing moder-
ate to severe cartilage damage (Outerbridge grade 2 and
3), and the ADC was useful for assessing relatively early
stage cartilage damage (Outerbridge grades 1 and 2) and
severe cartilage damage (Outerbridge grades 2 and 3). The
FA can detect cartilage damage but cannot distinguish
early cartilage damage from severe cartilage damage.
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